As microchemical systems (MCS) have gained in importance since their introduction in the last decade, it has become recognized that appropriate sensing and control capabilities are needed if MCS are to reach their potential. In this context, we present a study of the working behavior of a novel thin-film micro flow sensor which is integrated with a silicon microreactor with a submillimeter channel. A simple-to-fabricate device based on the concept of calorimetric sensing was chosen as a model structure to understand the important factors controlling sensor performance. Various design options for the sensor were explored by the use of computational fluid dynamics simulations. We found that sensitivity depends strongly on certain design factors. In summary, sensitivity is improved with (a) higher values of the resistors that detect flowinduced temperature changes, (b) shorter distances between the resistor that provides a source of heat and the thermally sensitive resistors and (c) higher input power to the heating resistor. Item (a) was found to have by far the strongest effect of the three. Reproducibility tests were conducted and the sensor exhibited consistent performance throughout the entire test range of 0 to 20 sccm which is an appropriate fit to the flow capacity of the microchannel. Finally, response time was assessed by simulating the transient behavior of the sensor with a thermal capacitance model, which yielded an accurate prediction of the experimental response of the device. The response time is approximately 70 msec at a typical flow rate of 10 sccm.
Introduction
Due to the rapid developments in microfabrication technology, there have been tremendous changes in a number of critical industrial technologies. For example, sensor technology has benefited significantly by the emergence of MEMS (Micro Electro Mechanical Systems).
Miniaturization of sensors has enabled many new applications not practical before such as highly compact, non-invasive pressure sensors, accelerometers and gas sensors. Besides their small footprint, microsensors possess many advantages such as high precision, low power consumption, fast response, and low-cost batch production [1] [2] [3] [4] . Spurred by the development of silicon micromachining, small multifunctional components have been successfully combined with traditional sensor technologies to enhance functionality, for example, in micro flow sensors [5] [6] [7] , micro temperature sensors [5] , micro heaters [5, 8] , micro pressure sensors [5] , etc.
As an early example of a MEMS-based flow sensing device, Honeywell showed a commercially available membrane-based hot-wire anemometer [9] designed to measure flows in both directions up to 1000 sccm. Another early membrane-based micro-anemometer was presented for gas and liquid measurement [10] . As a recent example, a silicon mass flow controller with Pt-on-nitride-membrane structure was presented highlighting the integration of a micro valve as an actuator [11] .
Generally, there are three types of thermal flow sensors [2] : (1) anemometers, (2) calorimetric flow sensors, and (3) time-of-flight sensors. All of these use electrical power to generate heat which triggers temperature changes on the surfaces of sensing resistors by the convective movement of the fluid stream being measured. These temperature changes consequently lead to resistance changes, which are monitored in the form of electrical signals.
Because of good sensitivity at low flow rates, which are generally typical of the flows in microchannel reactors [6] , we chose the calorimetric flow sensor type as the target of our study.
For in-line flow measurement in microchemical reactors, several kinds of micro flow sensor have been developed and applied to microfluidic devices by various groups [12] [13] [14] [15] [16] [17] [18] . Clearly, integrated sensing is an enabling technology that can significantly advance the utility and applicability of microchemical systems [19] [20] [21] .
In this work, we propose a simply fabricated, thin-film device structure for the measurement of gas flow rate in the microchannel of a silicon-based microchemical reactor. As a sensor substrate material, a commercially available 4-inch wafer of Pyrex 7740 was used and an aluminum thin-film was sputtered and patterned on the Pyrex wafer by photolithography and chemical etching. Unlike other thin-film thermal sensors possessing thin membranes as support materials for the sensor film [22] [23] [24] , we developed the Pyrex substrate based thin-film sensor because of far simpler fabrication and integration with the silicon-based microchannel reactor system.
Although attempts have been made in the past to improve sensor performance by reducing size using microfabrication [5] and the theory of the calorimetric sensor is known [1] , the detailed working principles of the sensor in terms of design issues and operating conditions have not been explored in depth, especially in the context of compatibility with silicon microreactors.
Furthermore, unlike many of the thin-film type sensors with thin membrane structures as support layers which inherently require complicated fabrication procedures and lack of robustness, our sensor possesses simple fabrication steps without membrane support with satisfactory overall performance. This paper first deals with the detailed aspects of the sensor device in terms of the design issues relating to the sensitivity. Experimental measurements are then used to confirm the validity of the design analysis. Finally, reproducibility tests were conducted, and the response time was studied experimentally and analyzed with a theoretical model description.
Experimental

Fabrication
Silicon-based microchemical reactors were fabricated by micromachining technology [26] . P-type <100> orientation 8-inch silicon wafers were prepared by solvent cleaning to remove possible organic contaminants, which might cause defects on the surface of a wafer. The patterns were generated on the wafer using positive photolithography with a UV photo mask aligner and developer. A Deep Reactive Ion Etching (DRIE) etching process was then used to produce a channel with a depth of 610 µm and width of 500 µm. The microreactor has two inlets for fluid feed streams and one outlet with a meandering etched reaction channel, which can contain catalyst powders or films ( Figure 1 ). Finally the completed wafer was diced into individual reactor chips with the size of 3.1 cm x 1.2 cm. Microfabrication of the thin-film flow sensor was straightforward. The aluminum film was deposited on the Pyrex wafer surface by sputtering followed by film patterning by wet etching.
Film thickness (2000 å) was verified with a Tencor profilometer. At this point, dielectric film deposition or anodization were considered for chemical passivation of the exposed metal.
However, these steps were not included for the purpose of this experimental study. The completed wafer was then diced into individual sensor chips and each chip was then integrated with the microreactor by anodic bonding. The completed sensor chip consists of three sensing sections, which are located on two inlet channels and one outlet channel to permit measurement of three separate flows. Each section is composed of two sensing resistors and one heating resistor with varying distances separating the heating resistor and the downstream sensing resistor. The patterned sensing resistors and heating resistor are shown in Figure 2 with the minimum feature size of 20 µm. 
Anodic bonding
In preparation for bonding, a silicon microreactor chip without oxide layer was thoroughly cleaned by organic solvent to eliminate particles on the surface. A sensor chip with thin-film aluminum resistors was completely rinsed and dried followed by the anodic bonding process [27] [28] with the silicon microreactor chip (Figure 3 ).
The anodic bonding system consisted of a vacuum chamber, hot plate, a DC power supply combined with a pair of electrodes, and ceramic supports. The hot plate was biased positively with respect to a metal probe tip. A pre-cleaned microreactor chip and Pyrex sensor chip were aligned and overlaid between the hot plate and probe chip. The chips were heated up to 490 o C and a DC voltage of 750 V applied. The thickness of aluminum film did not hinder the sealing process [5] . To prevent oxide growth on the silicon surface, the bonding chamber was maintained at vacuum (10 -4 torr) and electrical insulation was furnished between the chamber and the electrodes. The total time for the bonding process was less than 1 hour.
Measurement
To investigate the performance of the sensor, several characteristics were recorded. We applied constant power on the heating resistor using a Keithley DC power supply and varied the flow rate from 0 sccm up to 20 sccm with an external mass flow controller. The resistance changes of the sensing resistors were converted to voltage signals and monitored by voltmeters. Figure 3 Schematic diagram of the integrated micro sensor on the testing block.
A schematic of the integrated micro sensor on the testing block is shown in Figure 3 . The microreactor chip with a bonded Pyrex sensor chip was placed on a custom built testing block and aligned with inlet and outlet connections. Bonding pads for the electrical connection were wired to DC power supplies for the heater and the sensing resistors were connected to meters and power supplies to measure the DC voltage changes of the sensing resistors, which were converted to resistance changes. The testing environment was maintained at a constant temperature to avoid possible effects on the sensor. Figure 4 illustrates the testing setup for the experiment. Since the resistance of the sensor is changing sensitively with a very small change of temperature fluctuation, the connection wire resistance should also be taken into account despite its small magnitude. By use of 4-point measurements, the lead and contact resistance from connecting wires and electrical pads was essentially eliminated and only the voltage drop across the sensing resistor measured [34] . Varying the gas to be sensed could also affect the performance of the sensor as the thermal diffusivity changes with different gases [25] . We chose nitrogen as our carrier gas since it possesses common ranges of thermal diffusivity.
Design considerations
Various sensor designs were modeled and evaluated with simulation software and the results were compared with experimental data.
CFD simulation
To analyze the proposed designs as a prelude to designing devices, CFD simulations were carried out using Fluent ® software, which is broadly accepted for the study of gas or liquid flow.
Due to the faster solutions than 3-D simulation and allowing finer mesh to be used in the same processing time, a 2-D model of thin-film sensor geometry was analyzed. This reduction of the model is acceptable because the regions of interest are those where the heat conduction and convection occur mainly in the X-Y plane such that the system is approximately uniform in the Zdirection. Furthermore, the dimensions in the Z-direction are significantly greater than relevant dimensions in the X-and Y-directions and therefore edge effects can be considered negligible.
Model description
Three designs for the heating resistor were considered. Simulations for each design were In the simulation, we varied the parameters of microchannel depth, Pyrex glass thickness, gas flow rate, power input to the heating resistor and the placement of sensing resistors. As the flow rate of the nitrogen increases from 0 sccm to 30 sccm, the temperature distribution around the sensor and the heater changes. Figure 6 shows a contour plot of the temperature field around the heating resistor for no flow and for 10 sccm. It is seen that increasing the flow rate of the gas stream lowers and broadens the thermal contour lines of the heater downstream. For the upstream region of the heating resistor, the spacing between contour lines narrows explaining that the temperature gradient becomes steeper in front of the heating resistor. Therefore, varying the gas flow rate has a large effect on the temperature profile immediately in front of the heating resistor, a behavior which if leveraged can result in a sensitive mechanism of flow detection. Figure 6 Contour plots of the temperature distribution at 0 sccm and 10 sccm.
To determine appropriate sensing resistor positions, we compared the temperature profiles around the heating resistor with varying nitrogen flow rates at a heating power of 200 mW. 
Design variations
Beside screening the effects of the distance separating heating from sensing elements, simulations were also conducted to see the effects of using different designs of heating resistors. 
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The varying simulation results were a consequence of the diversity of these three designs.
For the sensing resistors to be more sensitive to the incoming flow, the heater should possess a spatially confined temperature profile with high peak point so that the spatial temperature difference can be maximized. In Figure 9 , increasing the heater length while maintaining the heat dissipation (200 mW) caused the temperature profile around the heater to be broad and flat, with the implication that the temperature difference of the up and downstream sensing resistors would be reduced. Figure 9 shows the temperature profiles with various designs of heating resistors at 0 sccm and 10 sccm of gas flow. As the flow rate increased the peaks of the temperature profile were sharpened at the center of the heater and the peak points were shifted slightly farther from the heating resistor. Figure 9 shows the temperature profiles around the heaters for Design I, II and III at 0 and 10 sccm. Design I and II exhibited spatially confined temperature profiles and possessed higher temperature peak points leading us to adopt these designs. 
Sensitivity
For the flow sensor to be properly applied, it should possess a good sensitivity for targeted ranges of flow. For our purposes, the sensitivity was defined as a relative output resistance change for a given change in applied flow in the microchannel. Figure 11 shows the various comparisons of sensitivity data in terms of the resistance of the sensor, input power of heating resistor and the distance between heating and sensing resistors. The experiment was conducted at two different heater powers of 75 mW and 200 mW, and at a nitrogen flow rate of 10 sccm. and sensing resistor also contributed to enhance the sensitivity but the magnitude was not as much as the effect of the resistance changes. In Figure 11 (c), the average improvement of the sensitivity from 800 µm to 200 µm of the distance from heating to sensing resistor was about 12 %. We therefore conclude that the sensitivity of this kind of sensor depends mostly on the resistance of the sensing resistors. Applying a higher input power to the heater and reducing the heater-to-sensor distance also improve the sensitivity but much more modestly than the resistance effect. Since a higher resistance can be achieved by modifying the sensing resistor geometry, having longer length and narrower width of downstream sensor is recommended for better performance, but as depicted in Figure 9 , there are geometrical restrictions for the placement of the sensor. A more narrow width of the sensing resistor implies greater sensitivity by increasing the resistance within a given area. However, this benefit would have to be weighed against the cost of higher-level equipment and facilities needed to accomplish more precision microfabrication.
Sensor performance
Several characteristics of the sensor have been examined including the properties of the thinfilm resistor. TCR measurements were performed to verify thermal sensitivity. Reproducibility tests were conducted along with flow velocity measurements to confirm the sensor operation over the entire flow region. The transient thermal behavior of the sensor was then investigated in terms of a thermal capacitance model and the sensor response time was interpreted by model predictions.
TCR measurement
For a better understanding of the thermal sensitivity of the aluminum thin-film, the rate of resistance change with increasing or decreasing temperature was measured. The tests were carried out in a wind-free room at ambient temperature. Electrical connection was established by securing wires to the bonding pads with conductive epoxy resin. A digital ohm-meter was then used to measure resistance change over temperature. The temperature was maintained with the use of a controlled hot plate and monitored with a surface thermocouple in contact with the substrate. We selected aluminum as a thin-film material because of the versatility of fabrication and also because of its Temperature Coefficient Resistance (TCR), which is as high as frequentlyused sensor materials like platinum [15] . Figure 12 
Flow measurement
For the characterization of the sensor to actual flow, the sensor chip was incorporated with a microchannel reactor. Nitrogen was used as the test fluid and the flow-induced temperature change of the thermal sensor is measured in terms of resistance.
In order to maximize the signal, the flow was taken as proportional to a resistance difference of up and downstream resistors in order to take both sensing elements into account. Figure 13(a) shows the resistance difference for design I with 75 mW and 200 mW heater input power. Figure   13 (b) illustrates the results at the same conditions for Design II. Design II sensors, having greater sensor resistance, exhibit greater resistance differences than Design I sensors. The slope calculated from a linear curve fit of the data for Design I at 200 mW heater power was 0.12 Ω/sccm and the slope for Design II at the same heater power was 0.50 Ω/sccm. In both designs, however, the resistance difference in the low flow rate region shows threshold behavior (at 1 sccm) for an input power of 75 mW ( Figure 13(b) ). is not sufficient to differentiate the resistances of the two sensing resistors. On the other hand, at a higher input power (200 mW), the sensor temperatures are different enough to result in a measurable signal. In order to understand this behavior, simple calculations were conducted using the temperature contour plots from the simulated results as a basis. The convective heat rates from the heater to the fluid were calculated and compared at both power levels at 1 sccm. It was found that the rate of heat transfer to the fluid in the 200 mW case is significantly more efficient with the result that the convective rate is 12 times higher than in the 75 mW case (1.3 mW vs.
0.11 mW). Hence, the very low effective rate of net heat transport to the sensing resistors apparently results in the inability to register a signal at the very lowest flows in the 75 mW case.
Reproducibility
For the micro thermal sensor to be applied to an actual system, it should demonstrate consistent results over time. In addition, the sensing resistors must show a steady value of resistance changes at the same flow rate even after repeated flow variations. To verify this characteristic we performed a reproducibility test. The resistance changes of up and downstream sensors were monitored at repeated flow rate points and the data are shown in Figure 14 . 
Transient thermal response of sensor
The capability of a thermal sensor system to accurately and quickly respond to changes in fluid velocity depends on the thermal properties of the sensor. In order to consider the transient response, we developed a simple thermal model. In this model, an isothermal mass corresponding to the substrate encompassing the heating and sensing resistors was chosen. The temperature of this thermal mass then responds to a fluctuation in flow and the resulting transient temperature changes would be considered as the sensor response.
To experimentally measure the sensor response to changes in the flow, constant current was applied to the heating resistor, whose resistance was monitored to assess temperature. A Keithley 2000 multimeter interfaced to a personal computer was used for this purpose. The data acquisition frequency was 100 Hz, which proved adequate for this study. Figure 15 Thermal model of sensor.
Thermal model of sensor
A schematic of the thermal model geometry of the sensor is shown in Figure 15 . To simplify analysis, we assumed a thermal mass including heated metal and Pyrex substrate to have a certain volume, which could be considered as a body undergoing a transient thermal response. The changes in internal energy of that volume can then be specified in terms of changes of the average temperature. For these assumptions to apply, the internal thermal conduction resistance must be small compared with the external convection resistance as revealed by a Biot number much less than 1 [31] . In this model, we adopted a thermal volume of Pyrex substrate by using, as a guide, a plot of the CFD simulation result described in Figure 6 (at 10 sccm). To compare the internal conduction resistance and the external convection resistance, the Biot number was calculated with the thermal volume at steady state. A lumped thermal capacitance model was thus assumed valid since the Biot number of the sensor was found to be quite small; Bi ≈ 10 -7 << 1 [31] [32] .
As illustrated in Figure 15 , the overall length of the thermal mass (837 μm) at the bottom surface of the Pyrex exceeds the distance (200 μm) between the heating resistor (not shown in Figure 15 ) and the sensing resistor, meaning that the modeled length (837 μm) encompasses the downstream sensing resistor and the heating resistor. The design with geometry most consistent with model geometry (design I(a), Figure 10 ) was used to take experimental transient data. In order to simplify the measurements, the heating strip was used to sense resistance and hence temperature in addition to its role as the source of thermal energy by Joule heating.
The response of the entire device can thus be modeled by the rate of change of temperature of the self-heated thermal mass as this represents the limiting process involved. We deal here only with the response to increases in flow, where response is driven primarily by the cooling effect of conductive heat loss to the substrate and convective loss to the outside. Decreasing flow, on the other hand, resulting in primarily by processes that heat the thermal mass, is complicated by convection from the fluid as well as lateral conduction from the heater element to the sensing resistors, hence we focus here only on response behavior associated with increases in flow.
In the model, the sensing resistor is illustrated as a single strip and the thermal mass is described as a sum of the volume of the sensing resistor and a piece of Pyrex with trapezoidal cross-section. The response time is then interpreted by the voltage drop of the sensing resistor by fluid flow. The total energy balance of this system can be described as follows:
Heat loss from thermal mass = Convection to gas flow + Conduction to substrate
Thus the differential equation governing the heat transfer in the system is given by:
The term on the left hand side represents the time rate of change of thermal energy of the thermal mass and the right hand terms explain the net cooling by conduction and convection. The convection term represents the forced convection in the fluid channel while the conduction term represents the heat transfer through the Pyrex substrate. Equation (2) can be expressed by inserting convective and conductive terms.
Equation (3) is a first-order ordinary differential equation for the temperature, T, as a function of time, t. One initial condition and a boundary condition are required to solve Equation (3):
Equation (5) is obtained from the relation at the top surface of Pyrex exposed to the ambient. The initial temperature T(0) in Equation (4) 
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+ + = (8) To test this model with the experimental results, two plots are compared in Figure 16 where the modeled results shows a close match to the data, suggesting that the heat transfer model is reasonable. Figure 16 Response time comparison between the predicted and experimental temperature versus time behavior of sensor.
The experimental response time as deduced from the data is approximately 70 msec. This response time is the time required for the sensor to equilibrate after a change of flow conditions. The time constant τ, which is -1/P in Equation (6), was determined from the model and found to agree well with the data. We found τ, corresponding to the time for 1/e of the temperature reduction to be reached, to be 55 msec. While the magnitude of temperature change in Figure 16 appears to be quite small (approximately 0. In order to see the effects of physical parameters on the response time, the derivatives of time constant in terms of the volume of thermal mass, convective heat transfer coefficient of the fluid and the density were taken, and used to evaluate the root mean square change of the time constant. Equation (9) then summarizes how changes in each factor lead to changes in the value of τ.
In Table 1 , we assumed realistic changes in L (Pyrex thickness), ρ (density of substrate) and h 1 (convective heat transfer coefficient) to see the actual limits on τ. As a result, described in Table 1 , the greatest impacts on the response time of the sensor are caused by reducing the thickness of the Pyrex substrate. Table 1 Factors affecting sensor response time (msec).
As depicted in Figure 15 , the volume of thermal mass is closely related to the thickness of the Pyrex substrate, and the density of the substrate depends mainly on the material chosen. As might be expected, these factors are directly proportional to the total thermal mass whose response determines sensor responsiveness. While the importance of the volume is clear, other geometric terms (A 1 , A 2 ) come into play such that geometry has a greater impact than density (ρ), as seen in Equation (7). For example, in Equation (7), it is noted that the increase of A 1 decreases the response time, which is reasonable because of the larger interfacial area for cooling. Changing the flow rate of the fluid can also affect the response time by altering the h 1 value, but since the flow in the microchannel is in the laminar region (Re ≈ 30), the changes to the convective heat transfer coefficient h 1 are not significant. Therefore, in Table 1 , we chose to vary the convective heat transfer coefficient h 1 by less than 10 % from the calculated value of 120.6 W m -2 K -1 [31] .
Finally, the sensor has proven to demonstrate a response time below 100 msec, which is acceptable for many MEMS based sensing and control applications and it showed transient behavior in agreement with a thermal capacitance analysis. By reducing the thickness of the Pyrex substrate and substituting a lower density substrate material, the sensor response time may be reduced to 4 msec based on the model calculation, which is comparable to membrane based thin-film flow sensors [15] .
Conclusion
In this paper, we have presented an integrated micro fabricated calorimetric gas flow sensor for use with a microchannel reactor. Predictions with CFD modeling software played an important role in the design of the sensor and also gave good agreement with experimental results. This flow sensor proved to have a satisfactory sensitivity in the flow range of the microreactor. Important factors for good sensitivity were the resistance of the sensing resistor along with the distance from the heating resistor to the downstream sensing resistor and the heating power of the heating resistor. Despite the conductive thermal heat loss to the Pyrex substrate, good sensitivity of the sensor was achieved. Unlike many micro thermal sensors, which frequently have membrane structures to minimize the heat loss to the substrate, acceptable sensitivity was achieved over a broad flow region and the simple fabrication procedure strengthens the possibilities of this sensor architecture in integrated applications. The sensor data reliability was confirmed by executing reproducibility tests.
The sensor showed a thermal transient response to the flow and this was confirmed by a thermal lumped model which closely approximated the experimental data. The response time of the sensor was about 70 msec at 10 sccm which is a typical flow rate for microreactor research.
As a result, this sensor has proven to be a reasonable substitute for a bulk flow sensor for micro fluidic systems and especially for the microchannel reactor research currently underway in our group. 
